Abstract-Elpasolites are a promising family of inorganic scintillators for dual-mode neutron and gamma-ray detection, often offering better gamma-ray energy resolution than traditional scintillators such as NaI, sensitivity to thermal neutrons through capture on 6 Li, and the ability to distinguish between neutron and gamma events through pulse shape discrimination (PSD). We have investigate the thermal variance of Cs2LiLa(Br,Cl)6:Ce (CLLBC), an elpasolite that exhibits better gamma-ray energy resolution and higher density than Cs2LiYCl6:Ce (CLYC), which is currently the most well-known elpasolite scintillator. By collecting digitized waveforms, we examine the thermal variation in CLLBC response to neutrons, gamma-rays, and alpha-particles from internal background.
I. INTRODUCTION
LLBC is an elpasolite inorganic scintillator that is capable of dual-mode thermal neutron and gamma-ray detection. Recent room-temperature measurements have reported gamma-ray energy resolution of 2.9% FWHM at 662 keV, better light yield proportionality than LaBr3, and a figure-ofmerit (FOM) for pulse shape discrimination (PSD) between thermal neutrons and gamma-rays as high as 3.2 [1] . The effective Z and density (Zeff = 47, ρ=4.1 g/cm 3 ) are also larger than the most well-known elpasolite, Cs2LiYCl6:Ce (CLYC) (Zeff = 46, ρ=3.3 g/cm 3 ). Like any lanthanum-containing scintillator, CLLBC is susceptible to internal alpha-particle background from the 227 Ac alpha decay chain. CLYC exhibits a well-documented variation in light yield, pulse shape, and PSD FOM over the temperature range of interest for hand-held radiation detectors, -20°C to +50°C [2] . Temperature variation of an early CLLBC crystal has been previously reported [3] , but that sample exhibited poor energy resolution and PSD capability. Recently, the performance of CLLBC crystals grown at Radiation Monitoring Devices (RMD) has improved considerably, leading to the energy resolution and FOM previously noted. This motivates a reevaluation of the temperature dependence of CLLBC response to thermal neutrons and gamma-rays. 
II. EXPERIMENTAL SETUP
We collected digitized waveforms from a 1 inch right cylindrical CLLBC coupled to a Hamamatsu R6231-100 photomultiplier tube using an Agilent Acqiris DC282 2 gigasample/s 10-bit waveform digitizer. Measurements were taken under irradiation by a 137 Cs gamma-ray source to establish an energy calibration and by a moderated 252 Cf neutron source. Additional data was collected inside a hut of lead bricks to isolate the intrinsic alpha-particle background. Temperatures were cycled in 10°C increments from -20°C to +50°C in a Tenney Jr. thermal chamber.
III. RESULTS Fig. 1 displays data overlaid from all three types of runs as an example of the types of data collected. Because the plot overlays several datasets that were optimized to collect different types of data, the relative magnitudes of the features are not meaningful. The PSD ratio on the ordinate axis is constructed from integration over two adjacent time windows, a head (start) time, followed by a tail (later) time. This type of plot, not yet optimized for PSD separation, was used to select the data evaluated in the following sections. 
A. Electron-Equivalent Light Output
In scintillators, the light output from more densely-ionizing particles is quenched compared to electrons/gamma-rays. In this study, we calibrated the response of the CLLBC crystal plus PMT at each temperature using a 137 Cs source and compared the relative amplitude of the thermal neutron capture peak and intrinsic alpha background. As shown in the left panel of Fig. 2 ., the 4.8 MeV released in the nth + 6 Li  3 H+ 4 He reaction emits light equivalent to an approximately 3 MeV gamma-ray or electron, with the relative light yield trending downward with temperature. This quenching amplitude and trend is similar to CLYC [4] . Similarly, the 7. 4 MeV of the highest-energy alpha in the 227 Ac decay chain is C PSD = Head/Tail reduced to 4 MeV electron-equivalent near room temperature, also trending downward with temperature. Scaling the light output to unity at 20°C in the right panel of Fig. 2 shows that the temperature trend is stronger for the alpha than with the combined triton and alpha produced in the neutron capture. 
B. Average Waveforms
Thermal neutron events, intrinsic alpha-particle events, and gamma-rays of similar energy were selected from PSD versus energy plots at each temperature. Only the top two groups of intrinsic alphas were used, to exclude neutron events that can be difficult to distinguish from the lowest energy alpha group. Neutron waveforms were selected from a configuration in which the number of neutron events vastly exceeded the intrinsic alpha background. Fig. 3 compares average waveforms at several temperatures.
As opposed to CLYC, neutron waveforms have faster time constants than gamma waveforms. Alpha waveforms are faster still. All waveforms decay faster at higher temperatures, suggesting thermally-activated charge carrier motion to the Ce doping sites, similar to CLYC [2] . 
C. PSD Optimization
At each temperature, head and tail integration windows were varied to independently optimize the separation between neutrons and gamma-rays, and neutrons and alpha-particles. The PSD figure-of-merit (FOM) is determined by fitting Gaussian functions to the neutron, gamma, and alpha peaks in PSD space, the ordinate in Fig. 1 . The FOM is defined as the separation between peak means (µ) divided by the sum of peak FWHM (Γ):
The FOM between neutron and gamma-ray peaks is shown as a function of head and tail window widths in Fig. 4 . The FOM between neutron and gamma-ray events improves at higher temperatures, with a maximum FOM near 2 in this analysis. The optimum integration windows become shorter at higher temperatures.
We also investigated the PSD separation between neutron and alpha-particle events. The maximum FOM between neutron and alpha-particle events is always worse than the optimal separation between neutrons and gamma-rays. Neutron/alpha separation improves at lower temperatures, with a maximum FOM near 0.8 in this analysis. The optimum integration windows become shorter at higher temperatures.
IV. USAGE IMPLICATIONS
While optimal CLYC PSD integration windows are fairly stable with temperature, significant performance enhancement is achieved in CLLBC by adjusting the PSD windows based on temperature. In CLLBC, PSD between neutrons and gamma-rays improves at higher temperatures where PSD worsens for CLYC, so that the choice between CLLBC and CLYC in a particular application could be informed by the intended operating range. PSD between neutrons and alphaparticles improves at lower temperatures. The different temperature dependences of alpha and thermal neutron capture quenching could be used as a crude thermometer.
